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Shufﬂed complex evolutionAbstract Pedotransfer functions (PTFs) are an easy way to predict saturated hydraulic conductiv-
ity (Ksat) without measurements. This study aims to auto calibrate 22 PTFs. The PTFs were divided
into three groups according to its input requirements and the shufﬂed complex evolution algorithm
was used in calibration. The results showed great modiﬁcation in the performance of the functions
compared to the original published functions. For group 1 PTFs, the geometric mean error ratio
(GMER) and the geometric standard deviation of error ratio (GSDER) values were modiﬁed from
range (1.27–6.09), (5.2–7.01) to (0.91–1.15), (4.88–5.85) respectively. For group 2 PTFs, the GMER
and the GSDER values were modiﬁed from (0.3–1.55), (5.9–12.38) to (1.00–1.03), (5.5–5.9) respec-
tively. For group 3 PTFs, the GMER and the GSDER values were modiﬁed from (0.11–2.06),
(5.55–16.42) to (0.82–1.01), (5.1–6.17) respectively. The result showed that the automatic calibration
is an efﬁcient and accurate method to enhance the performance of the PTFs.
 2015 Faculty of Engineering, Ain Shams University. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Saturated hydraulic conductivity Ksat is needed for many stud-
ies and applications related to irrigation, drainage, water
movement and solute transport in the soil. Due to spatial vari-
ability of soil hydraulic properties, large numbers ofmeasurements are often required to properly characterize such
properties even at the ﬁeld scale. Ksat can be obtained from
direct laboratory or ﬁeld measurements, which become too
costly and time consuming when many Ksat values are required
for large scale applications. Alternatively, Ksat can be indirectly
estimated in terms of the more widely available soil properties
such as particle size distribution, bulk density, porosity, and
organic matter content. This alternative involves using what
is called pedotransfer functions (PTFs) [1]. The term PTF
means transferring the data that we have to the data that we
need.
Several studies have been conducted to develop PTFs for
predicting Ksat [2–10]. Other studies have been conducted to
evaluate and compare the performance of these functions
654 A.M. Abdelbaki[11–13]. The results of these evaluations showed that the PTFs
showed different performance (usually poorer) when applied
to soil database different from which is used in its
development.
The objective of this study is to use the automatic calibra-
tion method to adjust the parameters of the published PTFs
of saturated hydraulic conductivity to optimize its perfor-
mance and enable the hydrologist to apply these functions with
any soil conditions even if they are different from what were
used in their development.
2. Materials and methods
2.1. Pedotransfer functions
Twenty two Pedotransfer functions were calibrated in this
study. Due to the lacking of some PTFs inputs in soil database,
the functions were classiﬁed into three groups according to
their input requirements. Group 1 requires inputs of effective
porosity only. Group 2 requires inputs of particle size distribu-
tion, porosity and bulk density. Group 3 requires inputs of
particle size distribution, bulk density and organic matter
content.
2.1.1. Group 1 Pedotransfer functions
This type of PTFs, ﬁrst developed by Ahuja et al. [14], is an
empirical relationship between saturated hydraulic conductiv-
ity and effective porosity (Eq. (1)).
Ksat ¼ c  ume ð1Þ
where ue is the effective porosity, deﬁned as the difference
between the total porosity and ﬁeld capacity (water content
at 33 kPa matric potential), c and m are empirical coefﬁcients.
The input requirements of these PTFs are available in most
soil databases. Six functions of this type were calibrated in this
study (Table 1).
Forrest et al. [15] measured Ksat in the laboratory for 118
undisturbed soil cores from Australia and used these measure-
ments to obtain the c and m coefﬁcients (F1). Minasny and
McBratney [12] used 462 samples from Australian soils to
develop PTF for predicting Ksat with an effective porosity
based on a ﬁeld capacity determined at 10 kPa (F2).
Suleiman and Ritchie [16] used data from 11 homogeneous
textural-class soils and several international and American
soils to obtain the c and m coefﬁcients of Ahuja et al.’s model
(F3). Spychalski et al. [17] developed three PTFs for predicting
Ksat in terms of the effective porosity. They used a data set of
35 measured soil samples and considered the ﬁeld capacity as
the water content at 10 kPa matric potential. One of these
functions (F4) is in the form of Ahuja et al.’s model and theTable 1 Basic information about original published Pedotransfer f
PTF Formula (cm/h)
F1 Ksat = 0.1 * Exp(10.8731 + 3.914ln(ue))
F2 Ksat = 2319.055ue
3.66
F3 Ksat = 467.5ue
3.15
F4 Ksat = 4031.57ue
3.295
F5 Ksat = 2.52 + 581.598ue1.5  6966.14ue2.5 + 11693.78u
F6 Ksat = 3.51  18154.6ue1.5  12213.8ue2lnue  6925.78uother two PTFs (F5, F6) are multi-linear regressions relating
the hydraulic conductivity to the effective porosity.
2.1.2. Group 2 Pedotransfer functions
This group of PTFs requires more inputs than group 1. The
PTFs of this group predict Ksat in terms of particle size distri-
bution data (%sand, %silt, and %clay), bulk density, and total
porosity. Seven PTFs were identiﬁed under this category
(Table 2).
Puckett et al. [18] used 42 US soil samples to develop an
exponential function for predicting Ksat in terms of clay con-
tent (F7). Using a larger data set of 577 US samples, Dane
and Puckett [19] modiﬁed the PTF developed by Puckett
et al. [18] (F8). Julia et al. [7] used 2178 measured samples from
Spain to develop a PTF for predicting Ksat in terms of sand
content (F9). Cosby et al. [20] used multi-linear regression to
develop a PTF using measured soil properties of 1448 US soil
samples with inputs of sand and clay contents (F10). Saxton
et al. [21] used 230 US data points to derive a PTF for predict-
ing Ksat in terms of sand and clay contents (F11). With the
same database, Brakensiek et al. [2] developed a PTF for pre-
dicting Ksat in terms of clay and sand contents and soil poros-
ity (F12). Finally, Jabro [22] used 350 measured samples from
international soils to develop PTF for predicting Ksat with
inputs of silt and clay contents and bulk density (F13).
2.1.3. Group 3 Pedotransfer functions
This group of PTFs requires inputs of particle size distribu-
tion, bulk density, and organic matter content. The lack of
organic matter measurements in soil databases limits the appli-
cability of the PTFs of this group. Nine PTFs were identiﬁed
under this category (Table 3).
Julia et al. [7] used 2178 measured samples from Spanish
soils to develop a PTF for predicting Ksat in terms of sand, clay
and organic matter contents (F14). Wo¨sten et al. [4] developed
two PTFs using 88 soil proﬁles from the Netherlands, one PTF
for sandy soil (F15) and the other one (F16) for clayey soils.
Wo¨sten et al. [5] used 1136 soil samples from the HYdraulic
PRoperties of European Soils database (HYPRES) to develop
a PTF for predicting Ksat in terms of clay, silt and organic mat-
ter contents and bulk density (F17). Then, Wo¨sten et al. [6]
developed two PTFs for Dutch soils, one function for sandy
soils that predicts Ksat in terms of silt and organic matter con-
tents and bulk density (F18), and the other function for loamy
and clayey soils with inputs of clay and organic matter con-
tents and bulk density (F19). Vereecken et al. [3] used 182 mea-
sured soil samples from Belgium to develop a PTF in terms of
sand, clay, and organic matter contents and bulk density
(F20). Recently, Weynants et al. [23] used the same data set








3 35 USA [17]
e/lnue 35 USA [17]
Table 2 Basic information about original published Pedotransfer functions of group 2.
PTF Formula (cm/h)a Data set References
Size Source
F7 Ksat = 15.696 Exp(0.1975CL) 42 USA [18]
F8 Ksat = 30.384 Exp(0.144CL) 577 USA [19]
F9 Ksat = 0.0920e
0.0492SA 2178 Spain [7]
F10 Ksat = 2.54 * 10
(0.6 + 0.012SA  0.0064CL) 1448 USA [20]
F11 Ksat = Exp[12.01  0.0755SA+ (3.895 + 0.03671SA  0.1103CL+ 0.00087546CL2)/hs] 230 USA [21]
F12 Ksat = Exp[19.524u  8.9685  0.02821CL+ 0.0001811SA2  0.009413CL2  8.39522u2
+ 0.07772SAu  0.003SA2u2  0.01949CL2u2 + 0.000017SA2CL+ 0.0273CL2u
+ 0.00143SA2 * u  0.0000035CL2SA]
230 USA [2]
F13 LogKsat = 9.56  0.81LogSI  1.09LogCL  4.64BD 350 Intern. [22]
a Ksat, saturated hydraulic conductivity (cm/h); SA, sand content (%); SI, silt content (%); CL, clay content (%); BD, bulk density (Mg m
3);
u, total porosity (cm3/cm3).
Table 3 Basic information about original published Pedotransfer functions of group 3.
PTF Formula (cm/h) Data set References
Size Source
F14 Ksat = 0.1 * (4.994 + 0.56728SA  0.131CL  0.0127OM) 2178 Spain [7]
F15 Ksat = 0.04167 * Exp(9.5  1.471 * BD2  0.688 * OM+ 0.0369 * OM2  0.332ln(clay + silt)) 88 Netherlands [4]
F16 Ksat = 0.04167 * Exp(43.1 + 64.8BD  22.21BD2 + 7.02OM  0.1562OM2 + 0.985ln(OM)
 0.01332clay * OM  4.71BD * OM)
88 Netherlands [4]
F17 Ksat = 0.04167 * Exp[7.755 + 0.035SI + 0.93  0.976BD  0.00048CL2  0.00032SI2 + 0.001SI1
 0.0748OM1  0.643lnSI  0.0139(BD.CL)  0.167(BD.OM) + 0.298CL  0.0331SI]
1136 Europe [5]
F18 Ksat = 0.04167 * Exp(45.8  14.34BD+ 0.001418SI2  27.5BD1  0.89ln(SI)  0.34ln(OM)) 832 Netherlands [6]
F19 Ksat = 0.04167 * Exp(42.6 + 8.71OM+ 61.9BD  20.79BD2  0.2107OM2  0.0162CL * OM
 5.382BD * OM
832 Netherlands [6]
F20 Ksat = 0.04167 * Exp[20.62  0.96lnCL  0.66lnSA  0.46lnOM  8.43BD] 182 Belgium [3]
F21 Ksat = Exp(1.9582 + 0.0308SA  0.6142BD  0.1566OM)/24 182 Belgium [23]
F22 Ksat = 0.04167 * Exp(13.262  1.914lnSA  0.974lnSI  0.058CL  1.709lnOM
+ 2.885OM  8.026lnBD)
36 China [24]
Using automatic calibration method for optimizing the performance of Pedotransfer functions 655organic matter contents and bulk density (F21). Finally, Li
et al. [24] made 36 measurements of Ksat for seven soil proﬁles
collected from northern China and developed a PTF for
predicting Ksat in terms of sand, silt, clay and organic matter
contents and bulk density (F22).
2.2. Soil databases
The soil databases used in this study were for U.S. soils. These
databases were obtained from different sources. Most of the
data were obtained from SOILVISION, an international soil
database that contains more than 6000 records of measured
soil properties including soil water retention data, Ksat, particle
size distribution, bulk density, porosity, and organic matter
content [25,26]. Another 160 records of Ksat, particle size distri-
bution, bulk density, porosity, and organic matter content,
were measured for Oklahoma state soils [27]. We also used a
database for New Jersey soils, obtained from the Natural
Resources Conservation Service’s (NRCS) soil database [28].
This database includes measurements of Ksat, particle size dis-
tribution, porosity, bulk density, organic matter content and
soil water retention data. Additionally, we used small data sets
found in the literature [19,29]. Many soil records of the data-
bases did not have all the input requirements for all PTFs.
Therefore, the soil data obtained from all databases were
grouped into three categories according to the inputrequirements of the three groups of PTFs. First data set was
used for evaluating and calibrating the ﬁrst group of PTFs,
includes 1911 records. Second data set was used with group
2 PTFs, includes measurements of Ksat, particle size distribu-
tion, bulk density (956 samples). The third data set was used
with group 3 of PTFs. This data set includes measurements
of Ksat, particle size distribution, bulk density and organic mat-
ter content. The number of records in this data set is 678,
which is considerably less than the other two data sets, primar-
ily because of the lack of organic matter content measurements
in the soil databases.
2.3. Statistical analysis
The statistical evaluation of the PTFs was conducted using the
geometric mean error ratio (GMER, Eq. (2)) and the geomet-
ric standard deviation of the error ratio (GSDER, Eq. (3))
[11,12,30].















656 A.M. Abdelbakiwhere n is the number of data points and e is the error ratio,




where Kp and Km are predicted and measured hydraulic con-
ductivities, respectively. A GMER of 1 corresponds to an exact
match between the measured and predicted values. A less than
1 GMER indicates underestimation and greater than 1 GMER
indicates overestimation by the predictive model. A GSDER
of 1 corresponds to a perfect match and it grows with the devi-
ation of predictions from the measured values. The value of
normalized mean square error, (NRMSE, Eq. (5)) was used









where Km is the average of the measured saturated hydraulic
conductivities.
3. Automatic calibration process
3.1. Optimization algorithm (shufﬂed complex evolution)
The optimization algorithm used in this study is the Shufﬂed
Complex Evolution-University of Arizona (SCE-UA) it is a
global search algorithm for the optimization of a single objec-
tive function for up to 16 parameters. Detailed description of
this algorithm can be found in [31]. In brief, the procedure
of this method can be summarized in the following steps.
First, SCE-UA selects an initial population, which is the num-
ber of parameters sets, by random sampling throughout the
feasible parameters space for p parameters to be optimized.
The population size is deﬁned by estimating the number of
complexes (group of parameter sets) and the number of
parameter sets in each complex to be (2P+ 1). The second
step is to run the calibrated model using these parameter sets
and calculate the objective function between the model predic-
tions and the observations for each simulation. Third, the pop-
ulation size is sorted according to the values of the objective
function (i.e. the population is ranked from the minimum to
the maximum value of the objective function). Fourth, the
population is divided into several groups (complexes) in such
a way that the ith complex contains every NGS * (K  1) + i
ranked points, where NGS is the number of complexes,
K= 1, 2, . . . NPG, NPG is the number of points in each com-
plex. Fifth, each complex evolves independently using the sim-
plex algorithm [32] by developing new points that has less
objective functions. Sixth, the complexes are periodicallyTable 4 New formulas of calibrated Pedotransfer f
PTFs Formula (cm/h)
F1 Ksat = 0.89879 * Exp(5
F2 Ksat = 106.8628ue
2.0146
F3 Ksat = 172.971ue
2.587885
F4 Ksat = 106.8628ue
2.0146
F5 Ksat = 5.3734132 + 3
F6 Ksat = 4.8977523  59shufﬂed to form new complexes in order to share the gained
information. Lastly, the algorithm test for the termination cri-
teria, which is the condition to reach the global optimum either
it is the value of the objective function or exceed the maximum
number of simulations. If the termination criteria were not
met, the previous steps will be repeated. This algorithm
searches over the whole parameters spaces and ﬁnds the global
optimum with a success rate of 100% [33].
3.2. Objective function and evaluation criteria
The automatic calibration process has been conducted to the
Pedotransfer function of saturated hydraulic conductivity by
adjusting the regression coefﬁcients of the equation to get opti-
mum matching between predicted and measured saturated
hydraulic conductivities. The regression coefﬁcients were
adjusted between lower limit equal to 10% of the current equa-
tion coefﬁcients and upper limit equal to ten times the current
published values. For each parameter set, the objective







The calibration process is to minimize the value of the
objective function. The new form of the calibrated
Pedotransfer function is in the same form of the original
published function with the regression coefﬁcient correspond-
ing to the minimum objective function.
4. Results and discussions
4.1. Group 1 Pedotransfer functions
The calibrated forms of PTFs of group 1 that require inputs of
effective porosity only are presented in Table 4. The forms of
the calibrated functions are the same as the original functions
with the change of the regression coefﬁcient only. The result of
statistical comparison between calibrated and original func-
tions is presented in Table 5. Also, visual comparison between
the measured and predicted values of saturated hydraulic con-
ductivities is presented in Fig. 1 for the original functions and
Fig. 2 for the calibrated functions. The calibration process has
been conducted to adjust the regression coefﬁcients of the
PTFs between lower and upper limits ranged from 10% to
1000% of the current coefﬁcients of the original functions.
The calibration process chooses different parameter sets
between the lower and upper limits randomly and calculates
the objective function between the predictions and measure-





1.5  2373.2878ue2.5 + 2190.6295ue3
96.464ue
1.5  4317.3993ue2lnue  2145.7628ue/lnue
Table 5 Comparison between original and calibrated PTFs of group 1.
PTFs Original functions Calibrated functions
GMER GSDER NRMSE GMER GSDER NRMSE
F1 5.157 6.291 358.4 1.00 5.85 151.8
F2 1.893 7.011 149.7 1.01 5.77 153.2
F3 1.273 5.929 140.0 1.00 5.85 151.8
F4 5.654 6.556 384.0 1.01 5.77 153.2
F5 6.059 5.266 359.4 0.91 4.88 143.4
F6 6.094 5.552 435.4 1.15 4.97 134.6
Figure 1 Predicted vs. measured values of Ksat for original PTFs of group 1.
Figure 2 Predicted vs. measured values of Ksat for calibrated PTFs of group 1.
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Table 6 New formulas of Calibrated Pedotransfer functions of group 2.
PTF Formula (cm/h)
F7, F8 Ksat = 5.3114Exp(0.0479CL)
F9 Ksat = 0.68596e
0.022851SA
F10 Ksat = 14.9181 * 10
(1.03539+0.00706756SA0.00902024CL)
F11 Ksat = Exp[58.19  0.357918SA + (28.7342 + 0.185766SA+ 0.02694CL+ 0.0003262CL2)/hs]
F12 Ksat = Exp[9.05198u  3.46  0.04269CL+ 0.00001829SA2  0.000948507CL2  0.883269u2
+ 0.040881SAu  0.002884SA2u2  0.0084376CL2u2 + 0.000001796SA2CL + 0.006906CL2u
+ 0.001229SA2 * u  0.0000014446CL2SA]
F13 LogKsat = 2.7876  0.2261LogSI  0.4976LogCL  1.0764BD
Table 7 Comparison between original and calibrated PTFs of group 2.
Original functions Calibrated functions
GMER GSDER NRMSE GMER GSDER NRMSE
F7 0.305 12.383 323.9 1.01 5.93 316.1
F8 1.335 8.309 319.7 1.01 5.93 316.1
F9 0.614 6.768 324.7 1.01 5.85 315.9
F10 0.988 5.953 323.8 1.01 5.78 315.7
F11 0.783 7.264 323.1 1.00 5.76 315.5
F12 0.731 11.622 321.2 1.00 5.54 315.0
F13 1.550 11.710 21034.8 1.03 5.57 313.9
Figure 3 Predicted vs. measured values of Ksat for original PTFs of group 2.
658 A.M. Abdelbakifunction that has the regression coefﬁcients that gave the
minimum objective function.
The statistical measures of original and calibrated functions
in Table 5 showed great improvements in the performance of
all PTFs in terms of the geometric mean of error ratio
(GMER), values of geometric standard deviation of error ratio
(GSDER) for all PTFs. For the ﬁrst four functions (F1–F4),
the values of GMER are almost 1, which is the perfect value.
For F5, GMER is 0.91, which indicates a little bitunderestimation while it shows small overestimation 1.15 for
F6. The values of GSDER were decreased for all PTFs, which
indicate enhancing the predictions for all calibrated functions.
The values of NRMSE showed some differences in predictions.
It was decreased with the calibration process for all PTFs
except for F2 and F3 and it showed small increase in the error
in the calibrated functions. The functions that showed great
improvements in the values of GMER also showed great
improvements in the values of the NRMSE (e.g. F1, F4, F5
Figure 4 Predicted vs. measured values of Ksat for calibrated PTFs of group 2.
Using automatic calibration method for optimizing the performance of Pedotransfer functions 659and F6) while the PTFs that showed small improvement in the
GMER values, did not improve the NRMSE values (e.g. F2
and F3).
In addition to the statistical comparison, the visual compar-
isons between the measured and predicted values of Ksat are
presented in Fig. 1 for the original functions and Fig. 2 for
the calibrated functions. The results showed visual improve-
ment in the performance of all PTFs. The shape of the scatter
diagram in Fig. 1 agrees with the values of statistical measures
in Table 4 which showed overestimation for all PTFs. Fig. 2
shows improvement in the performance of the Functions
which agree with the statistical measures of GMER values of
1 which means equal distribution of the point around the 1:1
line.
4.2. Group 2 Pedotransfer functions
The calibrated forms of the Pedotransfer functions of group 2
that require inputs of particle size distribution, bulk densityTable 8 New formulas of calibrated Pedotransfer functions of grou
PTF Formula (cm/h)
F14 Ksat = (4.2763 + 0.10728SA  0.011547CL  0.0
F15 Ksat = 0.04166667 * EXP(6.45  0.3 * BD2  0.1 *
F16 Ksat = 0.041667 * EXP(11.19 + 21.28BD  6.99
 0.0634823clay * OM  2.87372 * BD * O
F17 Ksat = 0.04167 * Exp[6.06889 + 0.004086SI + 2.1
+ 0.0066789SI1  0.0076953OM1  0.73
+ 0.029885CL0.0033359SI]
F18 Ksat = 0.041667 * Exp(11.5106  2.826BD+ 0.000
F19 Ksat = 0.041667 * Exp(6.4783 + 3.46114OM+ 1
 0.0506746CL * OM  1.9866BD * OM)
F20 Ksat = 0.041667 * Exp[7.8461  0.92974lnCL  0.0
F21 Ksat = Exp (4.7354 + 0.030636SA  1.6039BD 
F22 Ksat = 0.04167 * Exp(8.5553  0.33825 lnSA  0.7and porosity are presented in Table 6. These functions were
calibrated using the second data set which contains 956 soil
samples. The calibrated functions have the same form as the
original functions with only the change in the regression coef-
ﬁcients. The calibrated forms of F7 and F8 have the same
functions since it have the same shape of original functions
and their calibrated regression coefﬁcients are the same.
Table 7 shows the statistical comparison between the orig-
inal and calibrated Pedotransfer functions. Five out of the
seven PTFs showed underestimation in the original functions
(GMER< 1) while the other two functions showed overesti-
mation. After the calibration process, the GMER values of
all functions were modiﬁed to almost 1 which is the ideal value.
Also, the values of the GSDER were modiﬁed and decreased
for all functions which mean that the performance has been
enhanced. The value of the normalized root mean square error
(NRMSE) showed a little decrease for all PTFs except for F13
which showed great reduction in the error.
In addition to the statistical comparison between the
original and calibrated functions, the visual comparisons arep 3.
05746OM)
OM+ 0.0064736 * OM20.40794 * ln(clay + silt))
5BD2 + 4.46192OM  0.145012OM2 + 0.2 * LN(OM)
M)
612  1.5415BD  0.000099211CL2  0.0000334SI2
334lnSI  0.0016279 (BD.CL)  0.018934 (BD.OM)
184525SI2  2.92756BD1  0.479674ln(SI)  0.034ln(OM))
4.5945BD  4.88278BD2  0.132778OM2
664lnSA  0.12249lnOM0.92428BD]
0.01566OM)/24
8479lnSI  0.035748CL  0.171lnOM+ 0.49858OM  1.7049lnBD)
Table 9 Comparison between the performances of original and calibrated PTFs of group 3.
PTFs Original functions Calibrated functions
GMER GSDER NRMSE GMER GSDER NRMSE
F14 0.803 6.034 197.3 0.82 5.66 194.9
F15 1.542 8.127 209.8 1.00 5.31 185.5
F16 0.11 16.42 487.1 1.00 6.47 196.6
F17 1.430 6.090 190.2 1.00 5.79 183.5
F18 2.058 9.653 370.9 1.00 5.69 194.9
F19 0.328 10.960 250.5 1.00 6.17 197.3
F20 0.659 9.262 211.7 1.00 5.42 191.5
F21 0.260 5.555 205.5 1.00 5.42 192.3
F22 0.201 8.280 224.6 1.01 5.10 189.7
660 A.M. Abdelbakipresented in Fig. 3 for the original functions and Fig. 4 for the
calibrated functions. The scatter diagrams showed better perfor-
mance for the calibrated functions especially for some functions
like F7, F12 and F13. For these functions the great reductions in
the GSDER values form 12 to 5.5 returns in great modiﬁcation
in the deviation of the predictions from the measured values and
enhance the shape of the scatter diagrams.
4.3. Group 3 Pedotransfer functions
Results of PTFs calibration are presented in Table 8. The
PTFs of this group require inputs of particle size distribution,
bulk density and organic matter content. The calibrationFigure 5 Predicted vs. measured valuesprocess has been conducted using the soil data set of group 3
which contains smaller number of records due to the lacking
of the organic matter content in the soil survey. The forms
of the calibrated function have the same structure as the orig-
inal published functions with the only changes are the regres-
sion coefﬁcients. These coefﬁcients were adjusted between
lower limit of 10% and upper limit of 1000% of the current
values in the original functions.
The results of statistical comparison between the original
and calibrated functions are presented in Table 9. Six out of
the nine functions in its original format underestimate the sat-
urated hydraulic conductivities with GMER values ranged
from 0.11 to 0.803 while the other three functions showedof Ksat for original PTFs of group 3.
Figure 6 Predicted vs. measured values of Ksat for calibrated PTFs of group 3.
Using automatic calibration method for optimizing the performance of Pedotransfer functions 661overestimation with GMER values of 1.43–2.06. The GSDER
values for original functions were from 5.55 to 16.42. The cal-
ibration process enhanced the performance of all PTFs to have
GMER value of 1 for all PTFs except for F14
(GMER= 0.82). The GMER values of the calibrated func-
tions represent the optimum performance with the average
ratio between the predicted and measured values are 1. Also,
the values of the standard deviation of error ratio (GSDER)
were decreased for all PTFs with the range of 5.1–6.47. The
values of the normalized root mean square error were
decreased for all PTFs with values ranged from low (i.e.
F14, F17 and F21) to high (i.e. F19, F18 and F16). These
results showed the great impact of the automatic calibration
process in enhancing the performance of the PTFs.
In addition to the statistical comparison between the origi-
nal published Pedotransfer functions and the calibrated func-
tions, the visual comparison has been conducted. Figs. 5 and
6 show the predicted vs measured saturated hydraulic conduc-
tivities values for both original and calibrated functions. Fig. 5
shows the bad performance of the original functions which is
clear from the wide spread of the data point around the
domain due to the large value of the standard deviation and
root mean square error, especially for the functions (F16,
F18, F19, F20 and F22). The spread of the data point has been
decreased in Fig. 6 and the point was close to the 1:1 due to the
reduction in the error and low values of the standard
deviation.5. Conclusion
The Pedotransfer functions of saturated hydraulic conductivity
in its current form show high error ratio in predictions. This
error returns to the change in the soil conditions of the appli-
cation database from the development database. This study
was conducted to overcome this shortage by modifying the
current forms of the published functions using the automatic
calibration process by adjusting the regression coefﬁcients of
the equation in order to get the optimum match between func-
tion predictions and measurements. Twenty-two PTFs were
calibrated in this study. These functions were grouped into
three groups according to the availability of its inputs.
Group 1 requires inputs of effective porosity only, group 2
requires inputs of particle size distribution, bulk density and
porosity, and group 3 requires organic matter content in addi-
tion to the input requirements of group 2. The calibrated func-
tions showed much better performance than the original
functions. For most of the functions, the values of the
GMER values were close to 1 which is the optimum value
for the ratio between the predictions and measurements.
Also, the values of the GSDER and NRMSE showed great
reductions in all calibrated functions. These results indicate
that the automatic calibration is an efﬁcient method to
optimize the performance of the current PTFs when applied
in different soil conditions.
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